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Although human cutaneous melanoma is a complicated
disease, the principal etiologic agent for its incidence in
fair skin individuals is exposure to sunlight. In order to
understand the epidemiology of melanoma – temporal
effects, latitude effects, sunscreen effects, albino suscepti-
bility, and differences from nonmelanoma skin cancer –
one must approach the problem by obtaining clues
indicating which wavelengths in sunlight are effective in
inducing melanomas. One way is to use an animal model.
At present, the only suitable model is a backcross hybrid
of small tropical fish of the genus Xiphophorus, bred to
have only one tumor suppressor gene. Single UV expo-
sures to 7-d-old fish induce melanomas readily observable
by 4 mo. The initial slopes of dose–response curves for
exposures at 302, 313, 365, 405, 436, and 547 nm yield
sensitivity as a function of wavelength. This action spec-
trum does not look like the spectrum for light absorption
Skin cancers are the most frequent cancers in the U.S.A. Themajority of them, basal cell carcinomas (BCC) and squamouscell carcinomas (SCC), are not reported to Cancer Registriesand their uncertain numbers probably are in the neighbor-hood of 800 000 new cases per year. The minority com-
ponent, cutaneous malignant melanoma (CMM), is reportable and is
approximately 40 000 cases per year. It is a serious disease and is listed
in the top 10 most common malignancies (Wingo et al, 1998). Thus,
CMM is an important health problem. Despite the fact that is a
complicated disease dependent on the number of factors that influence
its incidence in ways that are quantitatively uncertain (Higginson et al
1992), however, the evidence identifying the etiologic agent for the
disease among whites – sun exposure – is stronger than for any of the
major cancers. This evidence has been carefully summarized and
evaluated (Armstrong and Kricker, 1996). The simplest indication for
the role of sun exposure is in Australian data comparing CMM on
exposed versus sun protected skin areas (96%–97% on exposed areas)
and in US data comparing CMM among whites versus blacks (92%–
96% among whites) (Armstrong and Kricker, 1993).
CMM is a public health concern because the incidence rate among
whites has been increasing by 4%–5% per year from the 1930s to 1990
and at half this value between 1990 and 1995 (Heston et al, 1986;
Wingo et al, 1998). As a result, this once very rare disease is now
(excluding non-melanoma skin cancer) the fourth most common one
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by DNA (mostly in the UVB), but has appreciable
sensitivities in the UVA and visible regions, and looks
like a direct effect of light on DNA plus a large indirect
effect on DNA by absorption of light by the intracellular
melanin. Because the UVB is only a fraction of solar
irradiance, one may calculate that 90% of melanoma
induction in humans arises from UVA and visible, assum-
ing the human spectrum is similar to the fish spectrum.
The implications of this calculation are that (i) depletion
of stratospheric ozone will not affect melanoma incid-
ence, (ii) an increase in sun exposure time as a result of
using UVB sunscreens could increase the risk of
melanoma, and (iii) the use of high UVA sun tanning
devices could increase the risk of melanoma. Keywords:
albinos/latitude dependence/photoreactivation/fish model.
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in Australian and New Zealand and the seventh most common one
among US whites.
Even though sunlight exposure is implicated in CMM, an under-
standing of its epidemiology requires a knowledge of dosimetry
(exposure factors) and the characteristics of affected and unaffected
individuals. Some of the variables involved in skin cancer are shown
in Table I. Obviously the lifestyle factors are poorly determined.
Epidemiology averages these factors over populations. But if these
factors are to have meaning for an understanding of human photo-
carcinogenesis, one requires a knowledge of the effective wavelengths
or wavelength regions responsible for CMM. It is often inferred from
the fact that skin cancer increases with decreasing latitude, that UVB
is the important spectral region because UVB increases with decrease
in latitude. The conclusion maybe correct but the logic in arriving at
it is completely fallacious. The yearly average intensity of all wavelengths
in sunlight increases with decreasing latitude, although UVB increases
more than the longer spectral regions because the stratospheric ozone
layer is thicker at higher latitudes and absorbs much more UVB than
other wavelengths. Although the distribution of CMM on the body
differs from that of BCC and SCC (mostly on high light-exposed
regions), the difference is not informative about spectral regions, but
probably about life style differences – episodic versus chronic exposure
and dose response relations (Setlow and Woodhead, 1994). Thus, we
must use animal models to evaluate cancer incidence as a function of
wavelength and dose. Because cancer is a multistep process – initiation,
promotion, immunosurvelliance, progression, and metastases – one
must evaluate the wavelength and dose dependencies of at least the
first three steps because experimental data indicate that these steps may
be affected by components of artificial sunlight (Romerdahl et al, 1989;
Setlow et al 1989; Vink et al 1996). Animal studies should be
complementary to and consistant with human epidemiologic studies
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Table I. Some variables in sunlight-induced skin cancer
Life style variables
The effective wavelengths
Irradiance averaged over the year
Time of day at which exposure begins
Time duration per exposure
Number of exposures per year
Sampling variable
Age
Genetic background
Occupation
Other environmental factors (wind, visible light, temperature, etc.)
Figure 1. Hypothetical action spectra for pure DNA, DNA plus melanin,
and DNA plus melanin under epidermis. The DNA spectrum (Setlow,
1974) is normalized to 1.00 at 270 nm and the DNA 1 melanin is calculated
for the sum of absorption spectra of DNA (20 µg per ml) and melanin (12 ng
per ml), also normalized to 1.00. The DNA 1 melanin through epidermis is
the DNA 1 melanin curve multiplied by the transmission spectrum of epidermus
(Anderson and Parrish, 1981), but not normalized.
in the areas of (i) genetic predisposition/DNA damage, (ii) latitude
dependence, (iii) sunscreen use, and (iv) skin cancer in albinos.
THE DATA
Genetic predisposition/DNA damage Individuals with the
genetic disease, xeroderma pigmentosum, are extraordinarily sensitive
(approximately thousands-fold more than the average population) to
sunlight induced melanoma and non-melanoma skin cancer (Kraemer
et al 1984, 1997). This sensitivity is associated with a defect in nucleotide
excision repair of DNA, a repair mechanism that works on bulky
DNA lesions such as cyclobutane pyrimidine dimers or 6–4 products
induced by the absorption of UV by DNA. The formation of such
products has an action spectrum (sensitivity versus wavelength) that is
very similar to the absorption spectrum of DNA (Setlow, 1974) and is
mostly in the UVB range (Fig 1). The formation of such products in
human skin follows this spectrum at wavelengths . 300 nm (Freeman
et al, 1989). At shorter wavelengths the low light transmission of
the epidermus greatly reduces the number of photoproducts. These
photochemical and repair data indicate that DNA is a target for
Table II. Annual age-adjusted incidence rates per 105 (1985)a
Cancer type Australia Norway Australia/Norway
BCC 443 40 11
SCC 112 5 22
CMM 19 11 1.7
aMagnus 1991.
inducing CMM and non-melanoma skin cancers. At wavelengths
. 340 nm, endogenous sensitizers in cells, such as flavins, porphorins
and even melanin, may absorb radiation and give rise to free radicals
and other reactive intermediates that may attack DNA to give
single strand breaks and adducts such as 8-hydroxy-deoxyguanosine
(8-OHdG) (Tyrrell, 1995; Kvam and Tyrrell, 1997). Breaks are
presumably not mutagenic but 8-OHdG is mutagenic when tested in
in vitro systems (LePage et al, 1995). It is of interest that the DNA
sequence specificity of mutations in Chinese hamster ovary cells
irradiated in vitro by UVA . 350 nm differs significantly from that
induced by UVB (Drobetsky et al 1995). Because photosensitizers
usually absorb more strongly in the UVA and visible regions than
DNA, a hypothetical action spectrum for total DNA damage would
have a peak or shoulder at wavelengths . 320 nm whose magnitude
would depend on the concentration of the photosensitizer and the
quantum yield for affecting DNA by photosensitization. Such a
hypothetical curve, designated by DNA 1 melanin, is shown in Fig 1.
That curve is very similar in general shape to the sum of pyrimidine
dimer plus 8-OHdG damage to cellular DNA (Kvam and Tyrrell,
1997). It is of relevance that the action spectrum for induction of SCC
by chronic exposure of hairless mice has a small peak (approximately
10–4 of the value at 295 nm) at 380 nm (deGruijl et al, 1993). The
height of such a peak in other systems would depend on the types and
levels of endogenous sensitizers. Hence, it is conceivable that melanin
in melanocytes could absorb energy at all wavelengths and by indirect
means affect DNA significantly compared with the effects of UVB, as
is indicated in Fig 1.
Latitude dependence Skin cancers increase with proximity to the
Equator in both Australia and the U.S.A., but the increases are different
for the three types of skin cancer, with SCC . BCC . CMM
(Armstrong and Kricker, 1996). Recall that UVB changes much more
rapidly with latitude than do longer wavelengths. Hence, a simple
interpretation, if the SCC action spectrum is mostly UVB, is that there
is more photosensitizer activity for BCC than for SCC and much
more photosensitizer for CMM. A similar conclusion comes from a
comparison of skin cancer incidence rates in Australia compared with
Norway (Magnus, 1991; Moan and Dahlback, 1993) (Table II). The
ratio of rates in Australia to Norway for SCC is approximately 20, but
for CMM it is approximately 2. Because the annual ratios for UV in
Australia to Norway are approximately 2 and 1.1–1.2 for UVB and
UVA, respectively,1 one concludes that if UVB is reasonable for SCC,
it is not primarily responsible for CMM.
Sunscreen use Berwick2 has evaluated 10 epidemiologic studies
relating melanoma to sunscreen use. There was a positive association
in five studies between sunscreen use and melanoma incidence, a
protective association in two studies, and three studies found no
association. The positive studies usually were in the range of a 2-fold
risk. She concluded that much greater risks were related to skin type,
nevus density, and a family history of skin cancer.
Skin cancer in albinos Mosher et al (1987) write that ‘‘Since albino
skin is predisposed to actinic changes including non-melanoma skin
cancers, daily sun protection with UVA and UVB sunscreens is
mandatory. Only a few melanomas have been reported. This low
1Moan J, Bårud: Melanoma incidences and UVB/UVA exposures. Photochem
Photobiol 67(S):1S, 1998 (abstr.)
2Berwick M: UV and melanoma: the sunscreen perspective. Photochem
Photobiol 67(S):2S, 1998 (abstr.)
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Figure 2. Dose–response data for melanoma
induction in backcross hybrid fish exposed to
547 nm. These preliminary data were obtained by the
methods described in Setlow et al (1997). The error bars
are SD and are determined by the number of fish exposed
at each dose point. The smooth curve is represented by
prevalence 5 0.22 1 0.50(1 – e–0.00017D), where D is
the exposure in J per m2 (see text).
Figure 3. Sensitivity spectra and relative sunlight
sensitivity for melanoma induction in fish and
human erythema. (A) Plots of relative melanoma
sensitivity (cross-section) versus wavelength (Setlow et al,
1993 and unpublished) and the human erythema spectrum
(Parrish et al 1982) normalized to 1.00 at 302 nm. (B)
The spectra in (A) multiplied by the mid-summer sunlight
spectrum and the product normalized to 1.00 at 302 nm.
incidence is unexplained.’’ On the other hand, Diffey et al (1995) point
out that albino blacks are particularly sensitive to the effects of sunlight
exposure, showing increased sunburn, actinic damage, and BCC and
SCC compared with nonalbinos. The albinos have a low incidence of
melanoma however. They emphasize that black-type skin melanocytes
without melanin appear much more resistant to transformation than
are keratinocytes. They also suggest that melanin may be a primary
chromophore responsible for melanoma induction. If this were the
case, the action spectrum should be of a form similar to the DNA 1
melanin curve in Fig 1.
Animal studies A number of animal models exist for light-induced
melanoma (Kusewitt and Ley, 1996; Setlow, 1996); however, only
one – a fish model – has been used to determine the melanoma
induction sensitivity for a number of wavelengths (Setlow et al, 1993).
Despite the fact that this model is not a mammalian one, it has certain
advantages. The fish are easy to breed and to maintain. Single exposures
of 7-d-old fish induce melanomas that are readily observable at 4 mo.
The young fish readily fit into a standard spectrophotometer cuvette
that may be placed in monochromatic light at the exit slit of a
monochromator. From a photobiologic view, these fish are similar to
humans in possessing photoreactivating activity (Sutherland et al 1980;
D’Ambrosio et al, 1981; Ahmed and Setlow, 1993; Sutherland and
Bennett, 1995). Li et al (1993) did not detect photoreactivating activity
in human cells; however, they froze their samples at –80°C and
Sutherland and Bennett (1995) also were unable to find activity in
such samples, but did find activity in samples stored in 50% glycerol
at – 20°C. This enzymatic activity uses long UV or visible light to
remove UV-induced cyclobutane pyrimidine dimers from DNA. The
observation of photoreactivation of UV-induced biologic changes, such
as tumor induction (Hart et al 1977; Ley et al, 1991), is evidence that
these dimers are responsible, at least in part, for the observed biologic
effect of UV. The induction of melanomas in this model by exposure
to UVB is reversed by subsequent exposure to fluorescent white light
(Setlow et al 1989, 1993).
The fish model The model uses backcross hybrids of the genus
Xiphophorus [X. maculatus (X) and X. couchianus (Y)] (Setlow et al
1989). The hybrids have melanocytes and are very sensitive to
melanoma induction. Melanomas are observed after single exposures
to much less than a human minimal erythemal dose of monochromatic
UV. The high sensitivity is presumed to reflect the presence of only a
single tumor suppressor gene per melanocyte, and there are approxi-
mately 104 melanocytes per fish at 7 d of age when they were irradiated.
Thus, induction of a melanoma implies that the probability of induction
per melanocyte is approximately 10–4. If there were two tumor
suppressor genes per cell, the probability of induction would be an
unobservable value of approximately 10–8.
Tumors were scored by eye and histologically at 4–6 mo of age. A
dose–response curve for tumor induction was obtained at six wave-
lengths – 302, 313, 365, 405, 436, and 547 nm. Data for the first five
wavelengths have been published (Setlow et al, 1993). Preliminary
results for 547 nm are shown in Fig 2. We analyzed the dose–response
curves for tumor prevalence according to the equation prevalence 5
a 1 b(1 – e–kD), where a is the background prevalence of melanoma,
b is the maximum prevalence observable (0.5 in this system), D is the
dose, and k is the sensitivity parameter in m2 per J. Because of its
units, k is often called the cross-section, in this case the cross-section
for melanoma induction. We normalized all cross-sections to a value
of 1.00 at 302 nm, converted them to m2 per incident photon, and
plotted them as a function of wavelength to obtain the action spectrum
for melanoma induction shown in Fig 3(A). It should be obvious that
the relative melanoma sensitivity is much higher in the UVA than is
the erythemal sensitivity. To obtain the relative effect that would be
observed in the real light of day, the action spectrum points should be
multiplied by the sunlight spectrum values at each wavelength so as to
VOL. 4, NO. 1 SEPTEMBER 1999 ACTION SPECTRUM FOR MELANOMA 49
obtain the results in Fig 3(B). The role of UVA is much enhanced in
this type of a plot because the UVA contains at least 20-fold more
photons than the UVB.
DISCUSSION
If the action spectrum for human CMM were similar to the fish
spectrum, one would draw three conclusions. (i) Because . 90% of
the effective sunlight dose is in the UVA and visible regions, ozone
depletion (affecting mostly UVB) would be inconsequential. (ii) The
use of sunscreens to minimize erythema induced by UVB, or by
UVB 1 UVA, could result in a much enhanced melanoma inducing
exposure if individuals increased their sun exposures so as to obtain a
minimum erythemal dose (Setlow and Woodhead, 1994), because the
use of a single number, SPF, to designate sunscreens gives no information
relative to the attenuation of UVA by such a screen. (iii) Calculations
of the melanoma-inducing doses from sunlamps by Miller et al (1998)
indicate that ‘‘when combined with UV exposure received from the
sun, typical sunlamp use results in an approximate doubling of annual
effective dose’’ if the fish action spectrum is used. ‘‘Frequent use,
however, can increase the annual effective dose by as much as six times
what would be received from the sun alone for fluorescent sunlamps
and as much as 12 times for newer, high-pressure sunlamps.’’
A qualitative confirmation of the role of UVA in melanoma induction
comes from experiments carried out by Ley et al using the small
marsupial, Monodelphis domestica, as a model. Chronic exposure over
many weeks results in the induction of non-melanoma skin cancers
and melanocytic hyperplasia that in some instances developed into
melanomas (Ley et al, 1989). Chronic exposure to UVA (only one
dose was used) resulted in no non-melanoma skin cancers and a
significant number of melanocytic hyperplasias (Ley, 1997). None of
the hyperplasias induced by UVA have advanced to melanomas.3 One
may conclude from these results that the action spectrum for induction
of melanocytic hyperplasia is very different from the action spectrum
for nonmelanoma skin cancers, but that UVA may not be a complete
carcinogen. Further results from this system are awaited with interest.
The existence of photoreactivation suggests that, in sunlight, a high
ratio of visible to UVB radiation could result in the amelioration of
the biologic affects ascribable to pyrimidine dimers, and that the
biologic effect of the UVB in sunlight would be less than estimates
based on experiments with isolated wavelength bands.
The fish melanoma data presented here were a collaborative effort of the author and Avril
D. Woodhead, Eleanor Grist, Neva Setlow, and Keith Thompson. This work was
supported in part by the Office of Biological and Environmental Research of the U.S.
Department of Energy. The Brookhaven National Laboratory is operated by Brookhaven
Science Associates, LLC.
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